Establishing methods for controlling aspects of large amplitude submolecular movements is a prerequisite for the development of artificial devices that function through rotary motion at the molecular level. Here we demonstrate that the rate of rotation of the interlocked components of fumaramide-derived [2]rotaxanes can be accelerated, by >6 orders of magnitude, by isomerizing them to the corresponding maleamide [2]rotaxanes by using light. molecular machines ͉ dynamics L arge amplitude internal rotations that resemble to some extent processes found in authentic machinery have recently inspired analogic molecular versions of gears (1), turnstiles (2), brakes (3), ratchets (4, 5), rotors (6), and unidirectional spinning motors (7-10) and are an inherent characteristic of many catenanes and rotaxanes (11-13). Establishing methods for controlling aspects of such movements is a prerequisite for the development of artificial devices that function through rotary motion at the molecular level. In this regard, we recently reported the unexpected discovery that the rate of rotation of the interlocked components of benzylic amide macrocyclecontaining nitrone and fumaramide [2]rotaxanes can be slowed (''dampened'') by 2-3 orders of magnitude by applying a modest (Ϸ1 V⅐cm
Establishing methods for controlling aspects of large amplitude submolecular movements is a prerequisite for the development of artificial devices that function through rotary motion at the molecular level. Here we demonstrate that the rate of rotation of the interlocked components of fumaramide-derived [2] rotaxanes can be accelerated, by >6 orders of magnitude, by isomerizing them to the corresponding maleamide [2] rotaxanes by using light. molecular machines ͉ dynamics L arge amplitude internal rotations that resemble to some extent processes found in authentic machinery have recently inspired analogic molecular versions of gears (1), turnstiles (2), brakes (3), ratchets (4, 5) , rotors (6) , and unidirectional spinning motors (7) (8) (9) (10) and are an inherent characteristic of many catenanes and rotaxanes (11) (12) (13) . Establishing methods for controlling aspects of such movements is a prerequisite for the development of artificial devices that function through rotary motion at the molecular level. In this regard, we recently reported the unexpected discovery that the rate of rotation of the interlocked components of benzylic amide macrocyclecontaining nitrone and fumaramide [2] rotaxanes can be slowed (''dampened'') by 2-3 orders of magnitude by applying a modest (Ϸ1 V⅐cm
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) external oscillating electric field (14) . Here we demonstrate that the rate of rotation of the interlocked components of the olefin-based rotaxanes can also be accelerated, by Ͼ6 orders of magnitude, using another broadly useful stimulus, light.
Fumaramide threads template the assembly of benzylic amide macrocycles around them to form rotaxanes in high yields (15) . This cheap and simple preparative procedure (suitable threads are prepared in a single step from fumaryl chloride and a bulky primary or secondary amine) is particularly efficient because the trans-olefin fixes the two hydrogen bond-accepting groups of the thread in an arrangement that is complementary to the geometry of the hydrogen bonddonating sites of the forming macrocycle. However, the feature of the fumaramide unit that makes it such an effective template also provides an opportunity to enforce a geometrical change in the thread after rotaxane formation, thus altering the nature and strength of the interactions between the interlocked components. Isomerization of the olefin from E-to Z-must necessarily disrupt the near-ideal hydrogen bonding motif between macrocycle and thread and therefore also change any internal dynamics governed by those interactions.
To test this idea, the photochemical isomerization of three fumaramide-based threads (E-1-3) and rotaxanes (E-4-6) was investigated. The synthesis of rotaxanes E-4 and E-6 has been described (15) , and E-5 was prepared in analogous fashion from the corresponding thread, E-2, isophthaloyl dichloride and p-xylylene diamine (Scheme 1).** Under the same reaction conditions the cis-olefin (maleamide) threads, Z-1-3, did not give detectable quantities of the corresponding Z-rotaxanes.
Experimental Procedures
General Method for the Photoisomerization of Fumaramide [2]Rotaxanes. The rotaxanes E-4-6 (0.60 g) were dissolved in CH 2 Cl 2 [except for solubility reasons E-6, MeOH͞CHCl 3 (1͞9)] in a quartz vessel. The solutions were directly irradiated at 254 nm by using a multilamp photoreactor model MLU18 manufactured by Photochemical Reactors (Reading, U.K.). The progress of photoisomerization was monitored by TLC (silica, CHCl 3 ͞EtOAc 4:1) or 1 H NMR. The different photostationary states were reached in a range of times not exceeding 30 min after which the reaction mixture was concentrated under reduced pressure to afford the crude products (Z-4-6). The unconverted trans isomers were isolated by triturating the solids with PhMe͞ CH 2 Cl 2 (1:1, Ϸ20 ml) and, because the photoisomerization process produces few byproducts, could be recycled, eventually leading to Ͼ90% conversion of each rotaxane to the corresponding cis-isomer. The solutions were then passed through a pad of silica (CHCl 3 ͞EtOAc, 4:1) to afford the cis isomers Z-4-6 in 50%, 47%, and 45% yields, respectively, from a single photoisomerization experiment.
Other Procedures. Experimental procedures for the synthesis of Z-5, x-ray crystallography of E-5 and Z-5, and selected characThis paper was submitted directly (Track II) to the PNAS office.
Data deposition: Crystallographic data for E-5 and Z-5 (excluding structure factors) have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication nos. CCDC-149672 and CCDC-149673. ¶ To whom correspondence may be addressed. E-mail: david.leigh@ed.ac.uk, fred@ science.uva.nl, or gatto@ciam.unibo.it.
ʈ Speculation over the possible utility of submolecular rotation in synthetic molecular structures ranges from ''gearing'' systems, where controlled motion in one part of a molecule brings about changes in conformation in another (e.g., to generate catalysts with rotating binding sites, in analogy to F1-ATPase, etc.), to systems that rotate functional groups on surfaces, or in the bulk, to bring about changes in local or macroscopic characteristics (11, 23) . Indeed, for wonderful examples of the use of submolecular rotational motion to bring about property changes in materials, see refs. 24 and 25. Examples of specifically controlling the frequency of large amplitude internal rotary motions include the redox-mediated acceleration͞deceleration of the spinning of porphyrin ligands in cerium and zirconium sandwich complexes (26) , the environmentdependant rate of circumrotation in hydrogen bonded [2] catenanes (27) , and the electrochemically induced pirouetting of a macrocycle in a rotaxane (28) . **The modest yield (33%) of E-5 is probably a consequence of the {E,E}-and͞or {E,Z}-tertiary amide rotamers being sterically mismatched with the forming macrocycle. Interestingly, a small amount (2%) of rotaxane E-6, presumably arising from p-xylylene diamine-catalyzed isomerization of the thread, was isolated from the reaction of pristine Z-3, again exemplifying the extraordinary efficiency of the E-3 template for rotaxane formation.
terization data for Z-5 and E-4-6 are provided as Supporting Text, which is published as supporting information on the PNAS web site, www.pnas.org.
Results and Discussion
Single crystals suitable for investigation by x-ray crystallography were obtained for each of the three E-rotaxanes. In each case the solid-state structure shows two sets of bifurcated hydrogen bonds between the amide groups of the macrocycle and the carbonyl groups of the fumaramide system (15) . The crystal structure of E-5 is typical ( Fig. 1 ) and shows the macrocycle in a chair conformation forming short, close-to-linear, hydrogen bonds orthogonal to the lone pairs of the fumaramide carbonyl groups. Of the three different tertiary amide rotamers present in solution (as observed by NMR) only the {ZZ}amide rotamer of E-5 is found in the crystal. All three fumaramide threads E-1-3 and rotaxanes E-4-6 smoothly undergo photoisomerization (16, 17) (254 nm; 0.1 M solution in CH 2 Cl 2 or, for solubility reasons in the case of E-6, 1:9 MeOH͞CHCl 3 ; 30 min) to the corresponding maleamide (Z-olefin) systems. The yields for the rotaxanes, 45-50%, are remarkably good considering the confined cavity that the molecular rearrangement has to occur in and that the intercomponent hydrogen bonding between the thread and macrocycle is complementary to the positions of the amide groups only in the E-olefin. Unanticipated enhanced solubility of the Z-rotaxanes in nonpolar solvents allowed the separation of the E͞Z photochemical reaction mixtures into the individual isomers by simple trituration (PhMe͞CH 2 Cl 2 , 1:1). The photoisomerization reaction produces few byproducts so E-rotaxanes recovered in this way could be recycled, leading to Ͼ90% overall conversion to the Z-isomer from a series of irradiation experiments.
The 1 H NMR spectra of each pair of E-and Z-olefin rotaxanes gives insight regarding their structure and relative dynamic properties in nonpolar solvents. The trends are similar in all cases but the clearest information is provided by E͞Z-4. Fig. 2 (the wide temperature range involved meant different nonhydrogen bond-disrupting solvents were required to monitor the dynamic processes at high and low temperatures). Pirouetting, a 180°rotation of the macrocycle about the axis of the arrow plus formal chair-chair f lip of the macrocycle, is the simplest process that must occur to translate the equatorial macrocycle methylene protons, H E2 , onto the axial, H E1 , sites. In the fumaramide system the H E protons coalesce at 273 K and are fully resolved into the H E1 and H E2 resonances at 223 K (Fig. 2a) . The coupling constants confirm the axial and equatorial assignments of H E1 and H E2 . Spin polarization transfer by selective inversion recovery experiments provided a direct measure of the rate of the exchange process I (i.e., half circumrotation of the macrocycle) at 298 K corresponding to an energy barrier ⌬G ‡ ϭ 13.4 Ϯ 0.1 kcal⅐mol
Ϫ1
, which extrapolates to a rate of macrocycle rotation of Ϸ1 s Ϫ1 at 223 K (15) . In contrast, the macrocycle methylene protons (H E ) in Z-4 remain sharp and well resolved throughout this temperature range and only begin to broaden significantly at 223 K (Fig.  2b) ; remarkably, the broadening of H E in Z-4 at 223 K is comparable to that in E-4 at 359 K, a 136°temperature difference between the two rotaxane isomers! Exchange is so fast in Z-4 that it is not possible to resolve the signals and prove unequivocally by experiment that the process responsible for the broadening at this temperature is, in fact, macrocycle † † The spectra of Z-6 are complicated because intracomponent hydrogen bonding of the maleamide group desymmetrizes the rotaxane (the macrocycle methylene groups appear as an ABX system because the two faces of the macrocycle experience different environments). Similarly, the temperature-dependent equilibrium between the populations of the different amide rotamers present in the methylated rotaxanes E͞Z-5 makes their study nontrivial, whereas the symmetrical tertiary amides means E͞Z-4 suffers no such complication. For a discussion of the effect of the different strengths of intercomponent hydrogen bonding in E-4 and Z-4 on the dynamics of amide rotamerization, see Supporting Text. pirouetting (it could be occurring at even lower temperatures). However, making the assumption (see below) that this is the process responsible for broadening, line shape analysis gives an energy barrier of 6.8 Ϯ 0.8 kcal⅐mol Ϫ1 , i.e., a macrocycle spinning rate Ͼ1.2 ϫ 10 6 s Ϫ1 at 223 K. Remarkably, it was possible to obtain an x-ray crystal structure of one of the rotaxanes with a ''switched off'' recognition motif. Small crystals of Z-5 suitable for investigation with a synchrotron source were grown from slow evaporation of a saturated solution in CHCl 3 ͞MeOH. In contrast to the crystal structure of E-5, two of the three tertiary amide rotamers, i.e., {ZE} and {EE} rotamers, are present in the unit cell of Z-5 ( Fig. 3 a and b, respectively) . Both forms are consistent with the dramatic increase in the rate of rotation in solution for the cis-rotaxanes observed experimentally by 1 H NMR spectroscopy; the consequence of isomerizing the double bond is that the amide groups of the thread are held in positions such that they can hydrogen-bond to only one of the two isophthalamide groups of the macrocycle. It is interesting to note that the energy barrier for the trans-rotaxane with four intercomponent hydrogen bonds (13.4 kcal⅐mol Ϫ1 ) is almost exactly twice the value for the cis-rotaxane with two intercomponent hydrogen bonds (Ϸ6.8 kcal⅐mol Ϫ1 ).
To obtain a more detailed understanding of the dynamic properties of these systems and, in particular, to confirm that the low energy dynamic process measured by NMR in the maleamide rotaxane was circumrotation, we carried out simulations of the dynamic processes present in both E-4 and Z-4.
Using a computational procedure that uses the MM3 forcefield (18) and the TINKER program (19) and has proved successful in describing the circumrotation pathway in catenanes (20) , macrocycle pirouetting in rotaxanes (13) , and other properties in mechanically interlocked molecules (21, 22) , it was possible to locate the saddle points for macrocycle circumrotation in E-4 and Z-4. Fig. 4 shows the transition states, the arrows indicating the initial motion that the macrocycle would undergo away from the saddle point (arrows showing the movement of the thread are not shown for clarity). The calculated activation energies (13.51 kcal⅐mol Ϫ1 for E-4 and 6.53 kcal⅐mol
for Z-4) compare well with the NMR-determined ⌬Gs of 13.4 Ϯ 0.1 and 6.8 Ϯ 0.8 kcal⅐mol
, respectively, and thus confirm that macrocycle pirouetting is probably a major contributor to the broadening of resonances observed in the low-temperature NMR spectra of Z-4. The good agreement of calculations and experiments also allows one to take a closer look at the contributions of various kinds of interactions to the dynamic process of pirouetting. Table  1 shows the different energy contributions to the E-4 and Z-4 minima and transition states. Interestingly, from the calculations the Ϸ7 kcal⅐mol Ϫ1 difference between the activation barriers of circumrotation in the two molecules can be ascribed to contributions from all the energy components, not just H bonding.
Preliminary studies show that it is possible to reverse the photoisomerization process thermally. Heating each of Z-4-6 (C 2 D 2 Cl 4 or d 6 -DMSO, 400 K, 4-7 days) resulted in reconversion to the more thermodynamically stable E-rotaxanes in good-toexcellent (80-100%) yields. Other simple cis-trans olefin interconversion reactions are currently being investigated. ‡ ‡ The post-assembly photoconversion of a precise hydrogenbonding, rotaxane-forming template to a motif that does not template the formation of mechanical bonds is unprecedented. The resulting mismatch in recognition sites between macrocycle and thread dramatically reduces the energy barrier to macrocycle pirouetting in the rotaxane. Such control could be useful for the future construction of synthetic molecular machines that use large amplitude internal rotary motions. ‡ ‡ Attempts to grow crystals of Z-6 resulted in significant yields of crystalline E-6, although no E-6 could be detected at any stage in solution! It appears that the growing crystal surface of E-6 is able to catalyze the cis-trans isomerization process. Such a phenomenon is not unprecedented (29) . 
General Method for the Preparation of Benzylic Amide Macrocycle Fumaramide
[2]Rotaxanes.
The threads E-1-3 (1.00 mmol) and triethylamine (2.1 ml, 15.7 mmol) were dissolved in chloroform (stabilized with amylenes not ethanol, 100 ml) or, in the case of E-3, 1:9 acetonitrile/chloroform, and stirred vigorously while solutions of the diamine 
